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Proteins located on Plasmodium falciparum merozoites, the invasive form of the parasite’s asexual blood stage, are
of considerable interest in vaccine research. Merozoite surface protein 7 (MSP7) forms a complex with MSP1 and
is encoded by a member of a multigene family located on chromosome 13. The family codes for MSP7 and five
MSP7-related proteins (MSRPs). In the present study, we have investigated the expression and the effect of msrp
gene deletion at the asexual blood stage. In addition to msp7, msrp2, msrp3, and msrp5 are transcribed, and mRNA
was easily detected by hybridization analysis, whereas mRNA for msrpl and msrp4 could be detected only by reverse
transcription (RT)-PCR. Notwithstanding evidence of transcription, antibodies to recombinant MSRPs failed to
detect specific proteins, except for antibodies to MSRP2. Sequential proteolytic cleavages of MSRP2 resulted in 28-
and 25-kDa forms. However, MSRP2 was absent from merozoites; the 25-kDa MSRP2 protein (MSRP2,;) was
soluble and secreted upon merozoite egress. The msrp genes were deleted by targeted disruption in the 3D7 line,
leading to ablation of full-length transcripts. MSRP deletion mutants had no detectable phenotype, with growth and
invasion characteristics comparable to those of the parental parasite; only the deletion of MSP7 led to a detectable
growth phenotype. Thus, within this family some of the genes are transcribed at a significant level in asexual blood
stages, but the corresponding proteins may or may not be detectable. Interactions of the expressed proteins with the
merozoite also differ. These results highlight the potential for unexpected differences of protein expression levels

within gene families.

The human malaria parasite Plasmodium falciparum contin-
ues to be a major public health challenge mainly in developing
countries, claiming more than one million lives annually. The
invasion of erythrocytes and the subsequent cycles of growth,
replication, and rupture of infected cells are responsible for the
primary pathological consequences, such as rapid hemolysis
consequent upon merozoite release and metabolic acidosis
(17). Therefore, the blood stage of the parasite life cycle is a
primary target for interventions to combat malaria disease.
Merozoite surface proteins (MSPs) are considered to be
among the best candidate antigens for inclusion in an antima-
larial vaccine (15, 39). Their surface location implicates these
proteins in the initial attachment and invasion of red cells by
merozoites and offers good accessibility to host antibodies.
Several MSPs are being assessed as vaccine candidates (10, 12,
17, 43).

Merozoite surface protein 1 (MSP1) is located on the de-
veloping merozoite surface in association with at least two
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other proteins—MSP6 and MSP7. Upon invasion of erythro-
cytes in culture, this protein complex is shed into the superna-
tant by proteolytic cleavage (3, 4). The complex is comprised of
4 polypeptides generated by sequential proteolytic cleavage of
the MSP1 precursor and one polypeptide each from MSP6
(36-kDa protein [MSP65]) (47) and MSP7 (MSP7,,) (34, 42).
Both MSP6 and MSP7 belong to multigene families (29, 36).

The P. falciparum MSP7 multigene family comprising msp7
and five msp7-related protein (MSRP) genes is contiguously
arrayed on chromosome 13 (11, 29). In rodent malaria para-
sites Plasmodium berghei and Plasmodium yoelii, three mem-
bers, P(b)yMSRP1, P(b)yMSP7, and P(b)yMSRP2, have been
identified (29, 34, 45). The predicted proteins are character-
ized by an N-terminal signal peptide and share greater se-
quence similarity toward the C terminus. The carboxy-terminal
region of MSP7 (MSP7,,) forms a detergent-resistant complex
with MSP1; it is therefore possible that the sequence conser-
vation seen among MSP7-related proteins is essential to their
function. The msp7 gene could be disrupted in both P. berghei
(45) and P. falciparum (19), with apparent but minimal growth
consequences. Several MSRPs are expressed in blood stages of
P. falciparum (6, 22, 23), although their significance to the
biology of the parasite is not known. It is often argued that the
observed genetic redundancy may translate into functional re-
dundancy. However, there is no direct evidence for any of the
MSRPs taking the role of MSP7 in parasites with this gene
deleted (19).

The expression of several merozoite proteins has been dis-
rupted by gene knockout strategies (38, 41, 46). While many of
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the glycosylphosphatidylinositol (GPI)-anchored surface pro-
teins were refractory to deletion, disruption of MSP5 (41) and
MSPS (2, 7) was possible but did not result in any measurable
change in efficiency of invasion or growth within erythrocytes,
demonstrating that the role of each protein is either expend-
able or can be readily compensated. A more demonstrable
compensatory mechanism as a consequence of genetic redun-
dancy, wherein invasion pathways were switched, was reported
for gene knockout experiments with proteins such as PfRhl
(46), PfRh2b (1), and erythrocyte binding antigen 175
(EBAL175) (8), which are involved in invasion of erythrocytes.
Previously, we reported reduced invasion of erythrocytes by
the MSP7 deletion in P. falciparum parasites (19). In the cur-
rent investigation, we have examined the expression and the
effect of the deletion of msp7-related genes. With the antibody
reagents developed in the course of this study, we have dem-
onstrated expression and sequential proteolytic processing of
PEMSRP?2, similar to that previously described for MSP7. Fur-
ther, PEMSRP?2 was found as a soluble protein in the parasi-
tophorous vacuole following recruitment into the secretory
pathway. Other MSP7-related proteins, i.e., MSRP1, MSRP3,
MSRP4, and MSRPS5, were not detected in immunoblots or
immunoprecipitates of parasite protein extracts. Also, we re-
port here that the disruption of msp7-related genes had no
effect on erythrocyte invasion and growth of P. falciparum.

MATERIALS AND METHODS

Parasites and transfection. Plasmodium falciparum parasites were cultured in
RPMI 1640 medium containing Albumax II using human O-positive erythro-
cytes. The parasite lines used were 3D7 (Netherlands), A4 (Brazil), D10 (Papua
New Guinea), FCB1 (Columbia), HB3 (Honduras), T9/96 (Thailand), 7G8
(Thailand), and W7 (Gambia). The trophozoite-schizont—stage parasites were
purified by using Percoll gradient centrifugation (35). Merozoites were harvested
from magnet-purified schizonts as described previously (5, 44). Ring-stage par-
asites were transfected with purified plasmid DNA, and drug cycling commenced
according to methods described previously (9, 19). The parasites were cultured in
a 25-cm? culture dish for 48 h prior to selection with 10 nM WR99210. Parasites
containing integrated forms of the plasmid were enriched by one or more drug
cyclings, in which WR99210 was removed for 2 or 3 weeks before being reap-
plied. Ganciclovir (10 uM) was added to select for parasites with double recom-
bination at the target gene (9).

Nucleic acid techniques. 5’ and 3’ regions of the target gene open reading
frames (ORFs) were cloned on either side of the human dihydrofolate reductase
(hDHFR) cassette of the pHTK double recombination construct containing the
negative selectable marker thymidine kinase (TK) (9). MSP7-related gene se-
quences were amplified from P. falciparum 3D7 genomic DNA using the oligo-
nucleotides described in Table S2 in the supplemental material. The 5" PCR
product was cloned into a SacII-Hpal (5'-msrpI) or SaclI-BglII-restricted pHTK
plasmid, and Clal-Avrll-restricted 3" msrpl or EcoRI-Avrll-digested 3’ PCR
products of other msrp genes were inserted at the corresponding sites of the
vector plasmid.

Genomic DNA from parental and cloned transfected parasite lines was iso-
lated by using DNAzol (Invitrogen), and total RNA was purified from late-stage
parasites using Trizol (Invitrogen). Southern and Northern hybridization analy-
ses were carried out according to standard protocols. The hybridization probes
were prepared by random primer extension of full-length ORFs (19) or 5" or 3’
regions as described in the figure legends.

Preparation of recombinant MSRPs and antibodies. The 3’ region of the
msrp2 ORF corresponding to amino acids 136 to 281 (MSRP2B) was PCR
amplified from the genomic DNA (see Table S1 in the supplemental material)
and cloned into pGEX3X (GE Healthcare) to express a glutathione S-trans-
ferase (GST)-MSRP2B fusion protein in Escherichia coli BL21 Gold. The GST
tag of the fusion protein was cleaved off with Factor Xa (Roche). The identity of
the recombinant protein was confirmed by mass spectrometry-based protein
sequencing. Recombinant proteins from the corresponding regions of other
MSRPs were prepared as described in the supplemental material. Mouse poly-
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clonal antibodies were raised in BALB/c mice according to standard procedures.
Rabbit polyclonal antibodies to the recombinant protein were commercially
prepared at Harlan Laboratories. Polyclonal antibodies to MSP7, SERAS,
MSP3, and BiP (19) and mouse monoclonal antibody (MAb) 113.1 to MSP2 (13)
have been described earlier.

Reverse transcription (RT)-PCR analysis. Total RNA was prepared from
Percoll-sorbitol-synchronized 3D7 parasites harvested at 3-h intervals by using
Trizol (Invitrogen); residual genomic DNA was removed by DNase I (Invitro-
gen) treatment and purification on a Mini Elute column (Qiagen). Up to 1 ng of
total RNA was used for cDNA synthesis in a reaction volume of 20 pl containing
0.5 g oligo(dT),5 or random primers, 1 mM (each) of the four deoxynucleotides
(dNTPs), and 15 units of AMYV reverse transcriptase (Promega). Negative con-
trols were set up with equivalent amounts of RNA in the absence of reverse
transcriptase. The PCRs were performed with msrp-specific primers described
elsewhere (19) by using Ampli Tag DNA polymerase (Roche Diagnostics
GmbH) according to standard procedures. For PF13_0192, oligonucleotides
CTCTTAGAATGACGGTACAG and CAAAATCATCATCATCTTCATC
were used; mspl cDNA was amplified with oligonucleotide pair GATAATATT
CATGGTTTCAAATATTTAATTGATGGA and TTCTTTATGTTTTCATTT
TTTTTTAAAGTGTCAATACG. Amplified products were visualized by 0.8%
agarose gel electrophoresis and ethidium bromide staining.

Parasite extracts, Western blotting, and immunoprecipitation. Percoll-en-
riched trophozoites and schizonts were lysed in 10 volumes of TEE buffer (50
mM Tris-Cl [pH 7.4], 5 mM EDTA, 5 mM EGTA) and centrifuged at 100,000 X
g for 30 min at 4°C, and the supernatant was collected as hypotonic lysate. The
pellet was sequentially extracted with 10 volumes TEE buffer containing 0.5 M
NacCl (salt extract) and then with sodium carbonate buffer (0.1 M, pH 11.0). Time
course parasite extracts were obtained from Percoll-sorbitol-synchronized para-
sites (19). In a separate experiment, late-stage parasites were lysed in 0.15%
saponin; soluble and insoluble fractions were collected by centrifugation at
5,000 X g. Equal amounts of schizont extracts were resolved in 12% NuPAGE
(Invitrogen) and transferred onto Protran (S&S) membrane. Horseradish per-
oxidase-conjugated anti-mouse or anti-rabbit IgG antibodies (Bio-Rad Labora-
tories) were used in conjunction with the ECL detection system (Amersham
Biosciences, United Kingdom) to visualize antibody reactivity on immunoblots.
Immunoprecipitation and detection of 3S-labeled schizont proteins were as
described earlier (33).

Immunofluorescence analysis. Formaldehyde-fixed, acetone-permeabilized
thin smears of P. falciparum 3D7-infected red blood cells (RBC) were incubated
with rabbit polyclonal anti-MSRP2B antibodies either alone or together with
mouse monoclonal anti-MSP7B antibody (MAb 2G10 generated in the labora-
tory) for 30 min. Alexa 488- or 594-conjugated secondary antibodies were used
to detect binding, and Hoechst 33428 was used to stain parasite nuclei. The
images were collected on a Zeiss epifluorescence microscope.

Invasion and growth assay. To determine the growth rate of parasites, the
number of infected red cells was counted over a 10-day period by flow cytometry
using a fluorescence-activated cell sorter (FACS) as described previously (19,
37), except that hydroethidine (at 50 pwg/ml) was used to stain infected RBC (18).
The starting parasitemia was ~0.5% with a 2% hematocrit, and the cultures were
diluted every 48 h after counting. A total of 100,000 cells were analyzed by the
BD CellQuest Pro V5.2.1 software program. Single-cycle assays were performed
to determine the rate of invasion in comparison to that of the parental 3D7 line.
The results of growth and invasion assays were analyzed by one-way analysis of
variance (ANOVA) as described previously (19). Confidence intervals (CI; 95%)
for the invasion assay were determined from at least 3 independent experiments,
using duplicate cultures of two clones.

RESULTS

Expression of members of the msp7 locus. Prior to attempt-
ing deletion of msp7-related genes (msrp genes), we wanted to
establish transcriptional activity at this locus. Transcription of
several members of this gene family has been recorded in the
transcriptome (6, 22, 23); the transcripts for msrp1, msrp2, and
msrp3 have also been detected (29). In this work, oligonucle-
otide primers designed to amplify the ORFs of msp7 and msrp
genes (19) were used in RT-PCR to investigate expression at
the msp7 locus. For Pf13-0192, the ORF within the msrp clus-
ter coding for a putative transmembrane protein and for msp1,
located on chromosome 9, primers were designed to amplify
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FIG. 1. RT-PCR analysis of msrp expression. Total RNA isolated
from synchronized 3D7 parasites collected at 3-h intervals (2 to 47 hpi)
over one generation was used in a reverse transcription-PCR to am-
plify msp7, msrpl to msrp5, PF13_0192 (0192), and mspl mRNA.

partial ORFs; mspl served as a positive control. Total RNA
isolated from Percoll-sorbitol-synchronized parasite culture at
3-h intervals was used for RT-PCR. The RT-PCR analysis
presented in Fig. 1 indicates that all members of the msp7 locus
are transcriptionally active. The msp7 transcription could be
detected by 29 h postinvasion (hpi), and the mRNA level
increased at later stages. These results agree with earlier re-
ports (34). The mspl transcript could be detected by about 26
hpi, and peak steady-state levels of transcript could be detected
by about 35 to 38 h. On the other hand, several msrp genes
were transcribed earlier, though the transcripts could also be
detected in late-stage parasites. Minute amounts of msrp1 tran-
script were detected in 17-h ring-stage parasites, but the tran-
script level increased after 35 h, coinciding with schizogony.
The immediate downstream gene, msrp2 was also found to be
transcriptionally active in ring-stage parasites at around 8 h.
However, the transcript level increased steadily after 17 h and
decreased at around 41 h. The transcripts of the msrp3 and
msrp4 genes were first detected at 29 h, with maximal amounts
between 32 and 41 h. On the other hand, msrp5 gene transcrip-
tion begins at around 17 h, reaches maximal steady-state levels
by 23 to 29 h, and tapers off by 38 h. The unrelated gene within
the cluster, PF13_0192, showed transcriptional activity be-
tween 23 and 38 hpi. These results are in general agreement
with the transcriptome (6, 21), except for msrpl and msrp4,;
significant transcript levels for these genes have been detected
in this study by RT-PCR.

Expression of MSP7-related proteins. Members of the msp7
gene family share greater amino acid sequence similarity to-
ward the C terminus; this region of MSP7 is a component of
the MSP1 complex located on the merozoite surface, and its
absence in an MSP7 deletion mutant of P. falciparum produces
an invasion phenotype (19). Therefore, carboxy-terminal se-
quences of MSP7-related proteins were expressed as GST- or
six-His fusion proteins and were used to raise mouse and rabbit
polyclonal antibodies that were specific for the corresponding
protein (see Fig. S1 in the supplemental material). Protein
extracts prepared from Percoll-purified trophozoites and schi-
zonts were immunoblotted with anti-MSRP antibodies, since
the mRNA for MSP7-related proteins could be detected pri-
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marily in these late-stage parasites. Except for the MSRP2B
antisera, the antibodies did not react with any specific parasite
protein (data not shown). In a dot blot analysis, the recombi-
nant antigens were probed with pooled human serum samples
collected from two regions where malaria is endemic, the
Gambia and Ivory Coast (data not shown). MSP7 and MSRP2
showed good reactivity with antibodies in the pooled serum
samples, and weak but significant reactivity could also be seen
with the MSRP3B protein. However, antibodies to MSRP1,
MSRP4, and MSRP5 were not detectable in these human
antisera.

The immunoblot analysis of 3D7 parasite extracts prepared
from synchronized parasites collected at 3-h intervals is pre-
sented in Fig. 2A. Rabbit polyclonal antibodies raised against
the C-terminal domain of MSRP2 reacted with parasite ex-
tracts, detecting 3 protein bands in schizont stages; no reactiv-
ity was seen with extracts from ring- and trophozoite-infected
(2 to 26 hpi) or uninfected RBC (Fig. 2E). The protein could
be first detected 32 hpi as a single band of approximately 35
kDa, even though the mRNA could be detected earlier in ring
stages. The electrophoretic mobility of MSRP2 in SDS-PAGE
thus agrees with its predicted molecular mass after the removal
of the signal sequence (30,365 Da), given its acidic nature
(predicted plI of 5.83). The sequential appearance of two more
signals in later stages corresponding to 28- and 25-kDa
polypeptides suggests that the protein undergoes proteolytic
cleavage. However, the 25-kDa species was not always detected
by Western blotting of magnet- or Percoll-purified parasites
(Fig. 2C). A nonspecific signal corresponding to an 18-kDa
protein was also detected in these immunoblots (see Fig. 4C).

Percoll-purified trophozoite/schizont preparations from var-
ious laboratory lines of P. falciparum were immunoblotted to
identify the reactive protein in the parasite extract and to
detect patterns of expression of MSRP2. As shown in Fig. 2B,
the patterns of reactivity with the MSRP2 precursor and the
MSRP,g C-terminal region from various laboratory lines of P.
falciparum were identical. This is unlike the case for MSP7
which showed a clear dimorphism, the presence or absence of
MSP7,,, depending on the presence of a lysine or a glutamine
residue at the cleavage site (33).

It is known that the fragments of MSP7, MSP7,, and
MSP7,,, are located on the merozoite surface (42) in complex
with MSP1 polypeptides and are shed upon invasion of eryth-
rocytes (33, 42). Merozoites released from magnet-purified
schizonts in the presence of EGTA retain the MSP1 complex
on their surface, owing to the inhibition of MSP1 processing.
The protein extract prepared from these merozoites contained
both MSP7 forms and MSP3 (Fig. 2C) on Western blots, but
MSRP2 was clearly absent from this fraction. Nevertheless,
MSRP2, MSP3, and MSP7 could be detected in the culture
supernatants collected in the presence or absence of EGTA;
MSRP?2 was present as MSRP2,; in the supernatant, suggest-
ing its formation in mature schizonts or during merozoite re-
lease. The BiP protein served as a control for the presence of
parasites and was absent in the culture supernatants.

With the immunoblots shown in Fig. 2D and E, the intra-
cellular distribution of PEMSRP2 was investigated by sequen-
tial solubility of 3D7 parasite proteins in hypotonic, high-salt,
and carbonate buffers or by saponin lysis. The presence of this
protein in the soluble fraction suggested no membrane associ-
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FIG. 2. Expression and distribution of MSRP2. (A) MSRP?2 is synthesized late in the cycle and processed; a time course immunoblot analysis
of 3D7 parasite extracts is shown. The protein extracts prepared from Percoll-sorbitol-synchronized parasites were electrophoresed on SDS-12%
PAGE and probed with rabbit polyclonal anti-MSRP2b antibodies. Molecular weight sizes (in thousands) of the reacting proteins are shown. Hours
postinvasion are indicated for each lane. (B) MSRP2 proteins in laboratory parasite lines derived from various geographical isolates have identical
patterns of mobility and processing. Protein extracts from Percoll-enriched late-stage parasites were immunoblotted with rabbit polyclonal
anti-MSRP2b antibodies. Molecular weight markers (in thousands) are indicated. (C) MSRP2 is present in schizonts but not merozoites, and a
processed form is released into culture supernatant. Immunoblot analysis of MSRP2 in trophozoite/schizonts (S), merozoites (M), and culture
supernatant (CS). MSP3, MSP7, and BiP antibodies served as control reagents. (D) MSRP2 protein is a soluble protein. Total proteins
(T) sequentially extracted by hypotonic- (H), salt-containing (S), and alkaline carbonate (C) buffers or carbonate-insoluble (P) fractions were
immunoblotted with MSRP2-, MSP2-, MSP7-, and SERAS5-specific antibodies. (E) MSRP2 protein is partially solubilized by saponin treatment.
Late-stage parasites were solubilized by saponin; total (T), soluble (S), and insoluble (P) fractions were immunoblotted with MSRP2-, MSP3-,
MSP7-, SERAS-, and BiP-specific antibodies. Uninfected RBC (R) extract was included in the blotting. (F and G) Brefeldin A inhibits MSRP2
processing. (F) The immunoprecipitates with antibodies to MSP1, MSP7, and MSRP2 from biosynthetically labeled cultures in the absence of BFA
are shown. (G) Magnet-purified P. falciparum schizonts radiolabeled in the presence (+) or absence (—) of BFA were solubilized in Nonidet
P40-containing buffer, and proteins were immunoprecipitated with either nonimmune rabbit serum (NRS) or rabbit polyclonal antibodies to MSP1,
MSP7, and MSRP2. Antigen-antibody complexes were resolved in 8 to 15% SDS-PAGE, and labeled proteins were detected by fluorography.
Major immunoprecipitated proteins are marked. Molecular masses of the markers are indicated in kDa. (H) Colocalization of MSP7 and MSRP2.
Late-stage parasites were formaldehyde fixed, acetone permeabilized, and reacted with MAb 2G10 (mouse monoclonal anti-MSP7 antibody) and
rabbit polyclonal anti-MSRP2 antibodies in an immunofluorescence assay.

ation. Given that there are no transmembrane domains pre-
dicted from the sequence, this result indicates that there is also
no strong interaction with membrane proteins. In contrast,
MSP2, which is a GPI-anchored protein, remained in the car-
bonate-insoluble fraction. The vacuolar protein SERAS is re-
leased by hypotonic lysis, and PEMSP7 remains insoluble and is
extracted by alkaline carbonate buffer. The presence of a small
amount of SERAS in salt- and alkaline carbonate-extractable
fractions suggests incomplete solubilization; the same is true
for the small amount of MSP7 detected in the carbonate-
insoluble fraction. Saponin lysis of late-stage parasites resulted
in solubilization of significant amounts of MSRP2, MSP3, and
SERAS, whereas most of the MSP7 (associated with parasite
membrane) protein remained insoluble (Fig. 2E). BiP also
remained in the insoluble fraction. These results together with

its solubility in hypotonic buffer (Fig. 2C) suggest that while a
significant amount of MSRP2 remains within the parasite,
much of it is present as a soluble protein in the parasitopho-
rous vacuole. In immunofluorescence assays conducted upon
fixed smears of infected RBC, MSRP2 colocalized with MSP7
(Fig. 2H). The pattern for MSRP2 staining was identical to
that of MSP7, except for some regions, generally toward the
outside of the infected cell, where MSP7-specific staining could
not be detected (Fig. 2H). MSRP2-specific reactivity could not
be detected in ring or trophozoite stages and merozoites (data
not shown).

The immunoprecipitation of parasite proteins or protein
complexes reacting with polyclonal anti-MSRP2 antibodies is
presented in Fig. 2F and G. Mouse MAb 12.8 to MSP1,, and
rabbit polyclonal antibodies to MSP7 were used as controls.
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Both these antibodies produced the expected identical patterns
corresponding to the MSP1 complex (Fig. 2F). On the other
hand, two specific proteins, indicated as MSRP2;5 and
MSRP2,,, were immunoprecipitated by the polyclonal anti-
bodies to MSRP2. In order to examine whether the proteolytic
cleavage occurs in a post-Golgi compartment, brefeldin A
(BFA) was used to block transport of **S-labeled proteins in P.
falciparum. 1t is known that BFA-mediated blocking of protein
transport also leads to accumulation of MSP1 and MSP7 pre-
cursors within the parasite as a binary complex (33). The re-
sults presented in Fig. 2G revealed effective blocking of the
proteolytic processing of MSRP2 by BFA, indicating that this
proteolysis occurs in a post-Golgi compartment of the parasite.
As a result, BFA treatment leads to accumulation of an
MSRP2 precursor (MSRP255), but unlike MSP7, the immuno-
precipitated MSRP2 did not have bound MSP1 polypeptides.
In the reciprocal immunoprecipitation assay with MSP1-spe-
cific antibodies, MSRP2 was not detected (Fig. 2F).

Disruption of MSP7-related genes. To determine whether or
not MSP7-related proteins perform a function essential to the
erythrocytic cycle, we attempted to disrupt members of the
msp7 gene family. The transfection plasmids were designed to
insert a human DHFR (WR99210-resistant) cassette by double
homologous recombination at the target locus, thereby abol-
ishing synthesis of a functional mRNA. The parental 3D7 and
altered physical map of the msp7 locus in the gene disruption
parasites is presented in Fig. 3A. As described above in “Nu-
cleic acid techniques,” 5 and 3’ regions of the ORFs were
cloned into the negative selection plasmid pHTK (9). Upon
transfection of these plasmids individually into P. falciparum
3D7, WR99210-resistant parasites appeared after 3 or 4 weeks
and were then subjected to drug cycling and negative selection
with ganciclovir. The transfected populations were cloned, and
randomly selected clones from each transfection were ana-
lyzed. Southern blot analyses of restricted genomic DNA from
two representative clones (Fig. 3B to G) showed that the plas-
mids had integrated into the target site via the expected
recombination events. In Southern analysis of 3D7 Amsrpl
parasite genomic DNA restricted with EcoRI, 5'-msrpl and
3'-msrpl probes hybridized with 6.4-kb and 0.5-kb DNA frag-
ments, respectively (Fig. 3B). This pattern is distinct from a
single 4.8-kb signal seen with 3D7 genomic DNA and supports
the observation that the msrpl gene is disrupted. Genomic
DNA restricted with EcoRI and hybridized with msrp3-derived
probes displayed a single 9.0-kb DNA fragment (Fig. 3C). On
the other hand, a 5'-msrp3 probe hybridized to a 4.0-kb frag-
ment and a 3’-msrp3 probe hybridized to a 7.0-kb DNA frag-
ment (Fig. 3C). Similarly, msrp4- and msrp5-derived probes
detect a single 6.4-kb DNA fragment in 3D7 genomic DNA
restricted with Xbal but reveal two distinct DNA fragments in
respective knockout parasites (Fig. 3D and F). The msrp4 locus
in the 3D7 Amsrp4 parasite is disrupted to yield 2.5-kb and
4.8-kb fragments that hybridized with 5" msrp4 and 3'-msrp4
DNA probes (Fig. 3D). In 3D7 Amsrp5 parasites, the 5'-msrp5
probe detected a 4.0-kb signal, whereas the 3'-msrp5 probe
detected a 2.4-kb DNA fragment. All these results were con-
sistent with the predicted hybridization patterns.

Whereas disrupted loci of other msp7-related genes could be
detected by genomic hybridization techniques following ganci-
clovir selection after one or two drug-cycling steps (removal
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and reintroduction of WR99210), the attempts to disrupt the
msrp2 gene were not as successful. For reasons not known,
ganciclovir selection did not yield parasites with msrp2 dis-
rupted by double recombination (data not shown). Neverthe-
less, parasites carrying integrated plasmids were enriched after
4 drug cycles spread over more than 9 months. These parasites
were cloned; analysis of two representative clones revealed
integration of a single copy of the plasmid by recombination
via 5’ msrp2. As shown in Fig. 3G, msrp2-derived probes de-
tected a single 5.1-kb signal in Bglll-restricted 3D7 genomic
DNA, which in 3D7 Amsrp2 is replaced by two DNA fragments
of 3.2 and 10.5 kb detected by a 5'-msrp2 probe and a single
10.5-kb fragment detected by a 3'-msrp2 probe. The 10.5-kb
DNA fragment hybridizing to both 5'- and 3'-msrp2 probes was
the result of duplication of the 5’-msrp2 region due to integra-
tion of the episome via the 5'-msrp2 region of the plasmid
construct, as shown in Fig. 3A. Therefore, two signals were
detected with the 5'-msrp2 probe. The single 10.5-kb DNA
fragment seen with the 3’-msrp2 probe confirmed the absence
of recombination in the 3’ region, since a 4.2-kb signal would
have resulted from double recombination. Hybridization anal-
ysis with both msrp2-derived probes detected a single 14.0-kb
signal in Pacl-restricted genomic DNA of 3D7 Amsrp2 para-
sites (data not shown), further evidence for the integration of
the 8.5-kb transfection plasmid, which lacks a Pacl site.

We also attempted to delete all members of the msp7 gene
family (using a pHTK plasmid carrying 5'-msp7 and 3'-msrp5
regions), msrpl to msrp5 (a plasmid construct carrying 5'-
msrpl and 3'-msrp5 regions), or two adjacent genes simulta-
neously. Of these transfection experiments, only one, in which
both the msrp3 and msrp4 genes were deleted, was successful.
As shown in Fig. 3E, a 9.0-kb signal seen with EcoRI-restricted
3D7 genomic DNA is absent in the 3D7 Amsrp3-4 parasite.
This knockout parasite contained an altered locus, with two
DNA fragments detected: 4.0 kb and 1.5 kb detected by 5'-
msrp3 and 3'-msrp4 probes, respectively. As can be seen from
the map of the msp7 locus (Fig. 3A), this disruption of msrp3
and msrp4 also deletes PF013_0192, a gene that shares no
significant similarity to MSP7-related genes.

To examine transcription at the msp7 cluster in wild-type
and mutant parasites, total RNA isolated from the parental
3D7 and two cloned lines from each knockout was analyzed by
Northern blotting. The results are presented in Fig. 4A; cal-
modulin mRNA was used as a control. The msp7 and cam
transcripts were detected in all the parasite lines tested. In
wild-type parasites, transcripts for msrp2, msrp3, and msrp5
were detected; mRNA for msrpl and msrp4 was not detectable.
On the other hand, parasites in which particular msrp genes
were disrupted did not produce the corresponding transcript.
Thus, insertion of the hDHFR cassette abolished transcription
of the targeted msrp gene. A small amount of longer or shorter
transcripts was seen with Amsrp2 and Amsrp5 mutant parasites
(Fig. 4A); these could be due to low transcription of the 5'-
msrp2 or 5'-msrp5 region, which retains the necessary 5'-un-
translated region (UTR) promoter regions but lacks 3'-UTR
transcription terminator sequences.

In the Northern analysis (Fig. 4A), whole ORFs of msrp
genes were used as probes. Although no signals corresponding
to the full-length or truncated transcript could be seen, the
more sensitive RT-PCR method of analysis was used to further
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and 3'-msip2 DNA probes.
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by priming with random hexamers was used to amplify msp7, msrpl, and msrp4 from parental and genetic deletion clones. Amplification of MSP7
in the presence (+) or absence (—) of reverse transcriptase (RT) served as a control. Lanes for 3D7 and deletion mutants are labeled as described
in the legend for Fig. 3B to G. (C) Immunoblot analysis of protein extracts from parental (3D7) and msrp2 deletion clones (A2-1 and A2-2) with
rabbit polyclonal antibodies to MSP7 and MSRP2B. Different forms of MSP7 and MSRP2 are identified. The precursor and proteolytic products

of MSRP2 are absent in the deletion clones.

support this observation and to analyze msrpl and msrp4, the
transcripts of which were not detected in total RNA by North-
ern hybridization. cDNA was prepared from total RNA by
using random decaprimers and gene-specific primers for full-
length and 5’ or 3’ regions of msrp genes were used to PCR
amplify msp7 and msrp genes. The msp7 mRNA was detected
in all the parasite lines (Fig. 4B). As seen in the figure, the
knockout parasites did not show any full-length transcripts of
msrpl and msrp4. A similar result was also obtained by apply-
ing the same approach to msrp2, msrp3, and msrp5 (see Fig. S2
in the supplemental material).

To examine the expression of MSRP2 in the wild-type and
msrp2 knockout parasite populations, extracts of late-stage
parasites from the parental and Amsrp2 mutant clones were
collected and analyzed by Western blotting. Anti-MSP7 anti-
bodies detected precursor 33- and 22-kDa species of MSP7 in
both the parental and MSRP2-disrupted parasite lines (Fig.
4C, left). In contrast, anti-MSRP2 antibodies reacted with the
expected 35- and 28-kDa species exclusively in the parental
parasite line but did not detect these forms in the msrp2-
disrupted line (Fig. 4C, right). In addition to several large
proteins (>45 kDa), an 18-kDa polypeptide cross-reacting with

anti-MSRP2 antiserum was present in both the wild-type and
the Amsrp2 mutant parasite protein extracts. Since the msrp2
transcript was not detected, this 18-kDa signal could not be
due to a truncated form of MSRP2. Presumably, this protein
must share epitopes with MSRP2; it was also seen in extracts
prepared from D10AMSP7 and other MSRP deletion mutants
of 3D7 (data not shown).

Loss of MSRP expression does not affect red blood cell
invasion or blood-stage-parasite growth rates. The absence of
detectable MSRP2 on the surface of invading merozoites sug-
gests that this protein may not play a role in erythrocyte inva-
sion. As described above, the expression and location of other
MSRP proteins could not be clearly demonstrated. Neverthe-
less, the deletion mutants were tested in erythrocyte invasion
and growth assays in comparison with the parental 3D7 para-
site. Rates of invasion were averaged from the results of at
least three independent single-cycle invasion assays, and the
95% CI was calculated for each deletion mutant (Fig. SA). The
loss of MSRP expression did not affect erythrocyte invasion, as
the parental 3D7 and AMSRP mutant parasite lines were in-
distinguishable (P > 0.05) in their ability to invade erythro-
cytes.



VoL. 9, 2010

>

N}
S

o
)

801

60+

401

%Invasion compared to 3D7

20

A1-1 A1-2 A2-1 A2-2 A3-1 A3-2 A4-1 A4-2 A34-1A34-2 A5-1 A5-2

vs)
o

Parasites [Logio]

Days

FIG. 5. Invasion and growth of deletion mutant parasite lines.
(A) Single-cycle invasion assay of 3D7 and disruption mutants 3D7
Amsrpl (A1-1, A1-2), 3D7 Amsrp2 (A2-1, A2-2), 3D7 Amsrp3 (A3-1,
A3-2), 3D7 Amsrp4 (A4-1, A4-2), 3D7 Amsrp3-4 (A34-1, A34-2), and
3D7 Amsrp5 (A5-1, A5-2). The mean parasitemia compared to that of
parental 3D7 parasites from three independent assays is presented.
Error bars represent 95% CI. (B) Growth of parental (3D7, H) and
cloned transfectant lines (3D7 Amsrpl, ®; 3D7 Amsrp2, O; 3D7
Amsrp3, A; 3D7 Amsrp4, €; 3D7 Amsip3-4, [1; 3D7 Amsrp5, O) over
a 10-day period. Each point corresponds to mean parasitemia of two
individual clones cultured in duplicates with 95% CI as error bars.
Parasitemia was determined by FACS analysis of hydroethidine-la-
beled parasites. The results indicated that the knockout parasite lines
grew at the same rate as 3D7 in vitro (P > 0.05).

The in vitro growth rates of the parental 3D7 parasites and
two cloned lines from each deletion mutant were compared
over 10 days under standard culture conditions. The parasites
were synchronized at ring stages, and parasitemia was deter-
mined by a FACS-based assay. As shown in Fig. 5B, no signif-
icant difference (P > 0.05) between the growth rates of the
parental and cloned msrp deletion lines was observed. Thus,
there was no consistent effect on ability to invade and grow
within erythrocytes as a consequence of disruptions of msp7-
related genes.

DISCUSSION

In this paper, we describe the successful disruption of genes
encoding five MSP7-related proteins of P. falciparum. Four of
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these genes could be disrupted by double recombination, lead-
ing to insertion of the hDHFR cassette of the transfecting
plasmid, whereas single-site integration of the episome was
observed at the msrp2 locus, effectively disrupting transcription
of full-length mRNA. However, our investigation of the ex-
pression and significance of MSP7-related proteins has not
yielded clear results relating to a function. Although antibodies
developed against recombinant antigens showed no significant
cross-reactivity with other MSP7 family members on immuno-
blots of recombinant proteins, many of these antibody reagents
did not react with the corresponding specific proteins on im-
munoblots of parasite extracts. However, anti-MSRP2 anti-
bodies reacted with two major parasite proteins of 35 and 28
kDa. As the predicted molecular mass of MSRP2 is 30.8 kDa,
it is likely that the 35-kDa protein (MSRP25;5) represents the
full-length MSRP2. We propose that the 28-kDa species
(MSRP2,y) is likely to be a C-terminal fragment analogous to
MSP7,,. The initial appearance of a single 35-kDa band which
diminishes in time with the gradual increase in 28-kDa and
later 25-kDa signals on the time course immunoblots is con-
sistent with this precursor-product relationship. The 25-kDa
form was not always seen with protein extracts prepared from
parasites but was abundant in culture supernatant. Therefore,
it is likely that the secondary cleavage occurred at the time of
merozoite egress. Proteolytic processing is a feature common
to many merozoite surface and parasitophorous vacuolar pro-
teins that have been characterized. These sites have been iden-
tified as recognition and cleavage sites for the subtilisin-like
enzyme SUBI, and a consensus recognition sequence has been
deduced (20). The cleavage site in MSRP2 has not been iden-
tified experimentally, but it is possible that SUB1 may be re-
sponsible for the cleavage. Two potential cleavage sites (indi-
cated by i in sequences), within *°SLKGEISEDNT?® and
1SKVQGAIqVDgA'* conforming to the consensus SUB1
recognition sequence (20), are present in MSRP2. The predic-
tion of the latter site is less strong, owing to two glutamine
residues (shown in lowercase), which are not present at the
positions in the consensus recognition sequence reported by
Koussis et al. (20). However, it should be noted that the SUB1
protease displays significant flexibility, and therefore, this pro-
tease may be responsible for both of the proteolytic events
resulting in MSRP2,5. Also, the small difference observed in
the apparent mass of the two processed forms seems to agree
with the 15-amino acid residue separation between the two
predicted SUBLI sites. On the other hand, given the temporal
separation of the two MSRP2 proteolytic processing events, it
is likely that different proteases are involved. In vitro experi-
ments with recombinant PfSUBI have shown PfSUBI1-medi-
ated cleavage of the parasite-derived MSRP2 precursor to the
25-kDa form (Natalie Silmon de Monerri and Michael Black-
man, personal communication).

Transcripts for several msrp genes could be detected by
RT-PCR and Northern hybridization analysis. Though tran-
scripts for msrpl and msrp4 were detected by RT-PCR, North-
ern analysis did not yield any detectable signal in repeated
experiments with RNA from the 3D7 parasite line. This is also
in agreement with data recorded in the P. falciparum transcrip-
tome (6, 21, 23), where sorbitol-synchronized 3D7 parasites
showed very low levels of msrpl and msrp4 transcripts. On the
other hand, msrpl and msrp4 transcripts could be detected in
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late stages of the D10 parasite line, albeit at low levels com-
pared to other msrp genes (19). However, significant amounts
of msrpl transcript were detected by Mello et al. (29), and
MSRP1 was reported to be present in the detergent-resistant
membrane fraction (40). Recent comparative transcriptome
analyses (25) indicate strain differences in the transcription of
a given gene and significant downregulation of msrp1 transcript
in the field isolates of P. falciparum parasites, and this phe-
nomenon may explain some of these different findings. Not-
withstanding the presence of detectable transcript levels for
msrp3 and msrp5, the corresponding proteins could not be
detected using antibody reagents developed in this study. Such
anomalies may be quite common; the absence of mRNA-to-
protein correlation has been reported for P. falciparum (21)
and P. berghei (16) in addition to a posttranscriptional gene
silencing mechanism in the latter species (27).

Results from RNA and protein expression analysis, together
with cellular localization studies, demonstrate that MSRP2 is
expressed in the asexual erythrocytic stage of parasite devel-
opment. This is in agreement with its identification in the
parasite proteome (21) and the presence of antibodies in the
sera of populations in the Gambia and the Ivory Coast where
malaria is endemic (data not shown). In contrast, these serum
samples were negative for antibody reactivity to other recom-
binant MSRPs, except for weak reactivity to MSRP3. The
presence of MSRP2 protein in parasite isolates from various
geographical locations suggests an important role for this pro-
tein. Unlike MSP7 (33), the MSRP2 proteins appeared to be
identical in size among these isolates as determined by immu-
noblotting. Further, the results presented here show that
MSRP2 is a soluble protein located in the parasitophorous
vacuole, very much unlike MSP7, which is associated with the
membrane through MSP1 via detergent-resistant noncovalent
interactions. Although MSRP2 is present in the late stages of
the erythrocytic life cycle, merozoites were devoid of any de-
tectable protein.

Antibodies affinity purified with MSRP3b, MSRP4b, and
MSRPS5b recombinant proteins did not recognize specific par-
asite proteins. Whereas anti-MSRP1b, anti-MSRP3b, and anti-
MSRP4b antibodies did not react with any parasite protein,
anti-MSRP5b antibodies reacted with several polypeptides
(data not shown). It is likely that owing to their less-abundant
transcripts, MSRP1 and MSRP4 are not expressed as proteins
in the erythrocytic stages of 3D7 parasites. However, their
expression remains to be investigated in greater detail, and the
presence of any of the proteins at a low level cannot be ruled
out. The antigen specificity of these antibodies for MSRPs
(except for MSRP2) could not be validated by using the gene
disruption mutants generated in this study.

It is generally believed that the multigene families arose due
to tandem amplification that provides genetic and functional
redundancy. The numerical difference in MSP7 gene family
members among different species of Plasmodium is notewor-
thy. The rodent malaria parasites P. berghei, P. chabaudi, and
P. yoelii have three members each. P. falciparum has 8 mem-
bers (including two pseudogenes), whereas another human
parasite, P. vivax, has at least 11 MSP7-like genes in the syn-
tenic region of chromosome 13 (31). In the syntenic region of
chromosome 12 of the primate malaria parasite, P. knowlesi, at
least 4 MSP7-like genes have been identified. In the current
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investigation, we have shown that only MSRP2 protein is ex-
pressed (in addition to MSP7) in the asexual blood stages of
laboratory lines of P. falciparum. On the other hand, all three
members are expressed in P. yoelii (28, 29; unpublished data).
The significance of the differing sizes of the MSP7 gene family
among malaria parasites and the physiological role of the gene
products remain elusive.

Genomic integration of plasmid DNA occurs inefficiently in
P. falciparum, as it is restricted mainly to homologous regions.
The targeted disruption of genes in families encoding proteins
located on the merozoite surface or in the apical organelles has
identified a significant degree of functional redundancy. For
example, the paralogues EBA175, EBA181, and EBA140 have
different binding specificities for red cell surface proteins, and
as a consequence, parasites with genetic disruption in individ-
ual EBAs remain viable in vitro (14, 26, 38) by the switching
invasion pathway. In these cases, the phenotypic consequences
of genetic deletion were readily detectable under culture con-
ditions. Notwithstanding the absence of an observable pheno-
type, a similar situation may still apply to MSP7-related pro-
teins in which paralogues provide duplication or overlapping
function and consequently the deletion mutants have no ob-
servable phenotype. No detectable growth phenotype was re-
ported for deletions of msp5, msp3, and msp6, yet the genes for
these proteins along with MSP7 are retained by parasites in
natural infections, as can be deduced from reports of antibod-
ies in serum samples collected from individuals living in areas
where malaria might be endemic (48). Except for MSRP2, the
knockout of MSRP genes was achieved with relative ease.
However, the episome integration at the msrp2 locus ablated
synthesis of full-length mRNA and the MSRP2 protein. The
ability to genetically disrupt MSRP2 and other MSRP gene
products without any significant phenotype, in contrast to the
invasion phenotype observed with genetic deletion of MSP7,
suggests that MSRPs either play a minor role in blood-stage
parasites or are functionally redundant. The rodent parasite
orthologue PYMSRP2 has been shown to confer immunity to P.
yoelii blood-stage infection in mice (28). However, PYMSRP2
could be detected on the merozoite surface, unlike its ortho-
logue in P. falciparum. In single-cycle invasion assays, poly-
clonal antibodies to MSRP2B did not affect growth of P. fal-
ciparum (data not shown). Whether the susceptibility or
refractoriness to genetic deletion of a gene for a malaria pro-
tein in laboratory cultures reflects its utility as a vaccine can-
didate is matter of considerable interest. Despite the fact that
deletion or truncation of MSP3 (30; Ellen Knuepfer, personal
communication) did not affect the parasite’s ability to invade
and develop within erythrocytes, MSP3 is being evaluated for
its vaccine potential (24, 32). However, the absence of MSRP2
on P. falciparum merozoites may rule out the consideration
and use of this protein as a vaccine candidate.
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